A new method for an online measurement of the dispersion sign in optical communication systems is demonstrated. The measurement of the dispersion sign is based on a low frequency amplitude and wavelength modulation of a DFB laser source in the transmitter. By comparing, at the receiver, the phase of the extracted clock signal to the phase of a signal, obtained due to the amplitude modulation of the DFB laser, the sign of the dispersion is determined. The new monitoring technique might be important in high data rate optical communication systems where the allowable residual dispersion is close to zero.
Online monitoring and dynamic compensation of dispersion become essential in high data rate optical communication systems (!40 Gbit=s). In such systems, the margin of the overall system dispersion is extremely small. Since the dispersion changes in time due to the variation of environmental conditions such as temperature or stress, online monitoring of dispersion is required. The online measurement of the dispersion should be performed without affecting the performance of the transmission system. Several methods of online dispersion measurement in optical communication systems have been demonstrated [1] [2] [3] [4] [5] [6] . These measurement techniques can be used to obtain the absolute value of the dispersion, or to detect when a zero dispersion is obtained. However, the sign of the dispersion coefficient was not measured. Therefore, feedback techniques that use such monitoring methods in dynamic dispersion compensation may not work well, especially when the desired residual dispersion is close to zero. Moreover, when a small residual dispersion is needed, it might be impossible to discriminate between a positive and a negative dispersion coefficient. In dynamic and reconfigurable networks, the dispersion sign might change when the optical path of the signal is switched. In such systems, the measurement of the dispersion sign might be required to quickly compensate for changes in the dispersion.
In this Letter we demonstrate experimentally a new method to online monitor the sign of the dispersion in optical communication systems. The measurement technique is based on a low-frequency modulation of the power and the wavelength of a DFB laser by modulating the laser current. This current modulation changes both the carrier frequency and the power of the DFB laser, and hence the power and the wavelength modulation of the laser are synchronised and are in phase. The principle of our sign monitoring technique is based on this effect. The output the laser is then modulated with a high data rate signal using an external modulator. The monitoring of the dispersion is carried out at the receiving end. Owing to dispersion effect, the low frequency wavelength modulation induces phase changes in the received optical clock. The amplitude of the dispersion coefficient is obtained by measuring the amplitude of these phase changes using a phase-locked loop (PLL), as described in [2] . The sign of the dispersion is obtained by comparing the phase of the periodic signal at the output of the PLL filter with the phase of the low-frequency modulation of the carrier wavelength. This wavelength modulation is directly connected to a readily-detectable amplitude modulation (AM) signal at the receiver output, caused by the low-frequency modulation of the DFB laser in the transmitter. The relative phase between the detected AM signal and the PLL error signal can be used to obtain the sign of the dispersion. The measurement of the dispersion sign and amplitude is simple and was performed without significantly affecting the system performance even when the link contained four amplifiers and fibres with a total length of up to 300 km. Fig. 1 shows a schematic description of the experimental setup. The DFB laser current was modulated with a small sinusoidal signal at a low frequency, o l =2p ffi 500 kHz. When the modulation amplitude is small and the modulation frequency is significantly smaller than the relaxation oscillation frequency of the DFB laser, the intensity and the wavelength of the laser are sinusoidally modulated with the same frequency and phase as the laser current [7] . In our experiment the peak-to-peak modulation amplitude of the current, power, and wavelength of the laser were 5 mA, 10.7%, and 8.7 pm, respectively. The information was added to the system at a bit rate of 10 Gbit=s by modulating the laser output using an electroabsorption modulator. At the receiver, the slow amplitude modulation of the laser was extracted using a narrowband bandpass filter (denoted as BPF1 in Fig. 1 ). This AM signal has the same phase as the wavelength modulation of the laser. The current of a DFB laser is periodically changed at frequency of about 500 kHz to modulate carrier frequency and amplitude of laser. The error voltage of a PLL, used to extract clock of optical signal, is compared at the receiver to a signal obtained due to amplitude modulation of laser G: electrical amplifier; BPF1, BPF2: bandpass filters with central frequency about 500 kHz; f: phase shifter; VCO: voltage control oscillator; Rx: optical receiver; PD1, PD2: phase detectors; LINK: transmission link that includes fibres with different lengths and dispersion coefficients and up to four optical amplifiers, used to overcome loss Due to dispersion, the frequency modulation of the laser changes the propagation time of the signal. Assuming that the modulation of the laser power at the receiver, owing to the slow modulation of the DFB laser current, is equal to dp(t) ¼ Dpcos(o l t), the modulation of the carrier frequency of the laser at the receiving end is equal to DO(t) ¼ Docos(o l t), where Dp and Do are the amplitude of the power, and the carrier angular frequency, respectively. The phase of the extracted clock signal at the PLL filter, f(t), is equal to: f(t) ¼ o m DDO(t), where o m is the modulation frequency of the information (10 GHz) and D is the total dispersion of the link. Assuming that the bandwidth of the PLL filter is broader than the slow modulation frequency of the laser, the amplitude of the error voltage of the PLL is approximately equal to [8] :
where K is the FM response of the VCO. In deriving (1), we neglected nonlinear effects and noise. Equation 1 shows that the amplitude of the PLL error voltage is proportional to the magnitude of the total link dispersion, D. The equation also shows that the phase of the PLL error voltage changes by 180 when the dispersion changes its sign. The signal due to the amplitude modulation of the laser at the output of the bandpass filter (denoted by BPF1 in Fig. 1 ) is equal to v(t) ¼ Dvcos(o l t), where Dv is the amplitude of the low-frequency AM modulation envelope. Therefore, the relative phase between the error signal at the output of the filter, BPF2, and the signal at the output of the filter, BPF1, is equal to 90 for a link with a normal dispersion and À90 for a link with anomalous dispersion. In the experimental setup, shown in Fig. 1 , a phase shifter that adds a phase of about À90 was added at the output of the filter, BPF1, to create a reference signal. Therefore, the relative phase between the PLL error signal and the reference signal becomes about 0 for a link with a normal dispersion and about 180 for a link with an anomalous dispersion. Fig. 2 shows the PLL error voltage and the AM reference signal at the output of the bandpass filter (BPF1) for a link with an anomalous dispersion, D ¼ þ650 ps=nm (Fig. 2a) , and for a link with a normal dispersion, D ¼ À650 ps=nm (Fig. 2b) . The Figure shows that the relative phase between the two signals jumps by about 180 when the dispersion was changed from the normal to the anomalous regime.
Techset Composition Ltd, Salisbury The comparison between the phase of the PLL error signal and the phase of the reference signal is performed by the phase detector, denoted PD2 in Fig. 1. Fig. 3 shows the output voltage of the phase detector against the total dispersion of the link. The dispersion of the link was changed by adding fibres with different dispersion coefficients and lengths. The total dispersion of the fibres and the link was measured in a different setup using an amplitude modulation of a tunable laser [9] . The Figure shows that when the total dispersion inverts its sign, the output voltage of the phase detector changes. The change in the output of the phase detector is not abrupt, as obtained in (1) . The gradual change of the phase detector output against the dispersion occurs since the amplitude of the PLL error signal becomes very small when the dispersion coefficient is close to zero, as obtained in (1) . Therefore, due to the limited sensitivity of the phase detector (PD2), the output voltage changes smoothly as the dispersion varies. However, the noise in the phase comparator output, measured in our experiment, was very low even when the link contained up to four amplifiers and up to 300 km of fibres. The noise in this case was equivalent to a dispersion error of $ AE 100 ps=nm. Therefore, using a voltage threshold at the output of the phase detector, we could discriminate between the normal and the anomalous dispersion regimes when the absolute value of the total dispersion was greater than about 100 ps=nm.
By combining both the magnitude and the sign of the dispersion measurement, the total dispersion of the link could be extracted. The link dispersion was changed in our experiment by adding fibres with different lengths and dispersion coefficients. Fig. 4 shows the output voltage against the dispersion of the link. The Figure shows that both the amplitude and the sign of the dispersion were accurately extracted. The bit error rate of the system was below 10 À12 and it was not significantly affected by the online dispersion monitoring even when the link contained four amplifiers and fibres with a total length of up to 300 km. 
Conclusion:
We have demonstrated a new method for an online measurement of the dispersion sign in optical communication systems. The measurement of the dispersion sign is based on a low frequency amplitude and wavelength modulation of a DFB laser at the transmitter. By comparing the changes in the phase of the extracted clock signal to the phase of a signal, obtained at the receiver, due to the amplitude modulation of the laser, the sign of the dispersion could be determined. Such a monitoring technique might be important in high data rate optical communication systems where the allowable residual dispersion is close to zero. 
